Introduction
The behavior of singlebubbles rising in quiescent liquids has been studied by many investigators both theoretically and experimentally. The previous theoretical investigations on single air bubbles were mainly on the slow motion of small spherical bubbles6"* or on the motion of large spherical cap bubbles3 '4) . Recently Taylor ReM1/Qand 1-e vs. We for drag and deformation respectively and stated that the bubble in purified liquids behaved quite differently from that in not-purified liquids.
The experimental studies on the bubble in highly viscous liquids are very scarce. Some years ago Bond and Newton2) found that while the air bubble in a golden syrup behaved as a gas sphere when the bubble diameter was larger than about 0.4cm, the smaller bubble tended to show the drag of the rigid sphere. Garner and Hammerton55 reported a similar experience. Recently
Red field and Houghton125 measured simultaneously the velocity and deformation of carbon dioxide bubbles rising in viscous dextrose solutions and Angelinoi:> made the study of large bubbles.
However the bubble behavior in highly viscous liquids is not fully understood yet in terms of physical properties such as surface tension, viscosity and density.
It is the purpose of this paper to study experimentally the behavior of single air bubbles in quiescent viscous liquids, to see and determine -the-applicable range of the previously reported correlations, and to develop correlations to predict the rising velocity and shape of the bubble in highly viscous liquids from the knowledge of the liquid properties.
Experimental
Apparatus and procedure
The apparatus used is shown in Fig. 1 The Since Kubota et al.9) proposed the correlation Cd/Cdf vs. ReMinfor low Msystems, the present data are plotted in terms of Cd/Cdf and Re in Fig.4 . Cdf is the drag coefficient of gas sphere having the same volume as a given bubble. And it was calculated from the
and the correlation13) Cdf = 18.5i^~0-82
Data in low viscosity liquids by Tadaki and Maeda13) and Kubota et al.9) are also shown in Fig. 4 . Examination of Fig. 4 It is noted that both in 19-poise liquids of glycerine and corn syrup the shape of bubble is spherical when d å These critical values are determined mainly from viscosity and not from surface tension, and the larger the viscosity, the larger the, critical value of diameter.
The relation betweenj4 and e is linear in a logarithmic plot.
The gradients of the line are determined alsc mainly from the viscosity but independent of surface tension, and the slope is small when the liquid viscosity is high, in other words, the deformation does not occur easily. In case of the low viscosity liquid95 the corre lation of logd and loge is known to be linear also. The line shifts to left according as the surface tension is small because deformation easily occurs and the gradient of the line is large when the viscosity is high. From these, it is seen that the dependency of the deformation index on the liquid properties is different for the low and high viscosity liquids.
It should be pointed out here that if the value of M differs very much the shape of bubble is a little different for the same value of the deformation index. Two bubble shapes are shown in Fig. 7 as examples. Though both have the same value of e of 0.8, the bubble has a flat or concave bottom in the high Mliquid but convex end in the low M liquid. Correlation between e and Re The deformation index e as a function of Reis shown in Fig.7 . These curves may be classified into two groups, one being related to the data of high Mliquids and the other to those of low Mliquids. The deformation index is seen to be a function of only Re in the high Mliquids.
The deformation index in this case is described by a following equation * = 0.81 -0.217(logRe) -0.084(logRe)2 (4) 0.1<Re<20 Eq. (4) will be useful, though entirely empirical, since there is no available correlation for e of the high Msystems. It was noted that at Re=l the bottom of the bubble became flat.
While in case of the low Mliquids the curves appear parallel, shifting to right in the decreasing of M. The effect of M is more easily understood by plotting the data in terms of MandRe, with e being taken as the parameter as shown in Fig. 8 .
In the region M>3, the deformation index is proportional to Mto O-th order, namely e being a function of only Re. And as for the region M<0. The effect of viscosity is very remarkable.
As the Cd/Cdf correlation appears to have a transition region, the deformation index seems also to be a function of both viscous and surface tension forces in the range 10~1<M<3.
In the above discussions, inertial, surface tension and viscous forces were considered as the factors influencing on the deformation index. To estimate which factor is most dominant, it is necessary to obtain the solution of the equation of motion considering the deformation of bubble.
But the most dominant factor to determine the shape of a given bubble can be estimated easily by calculating the order of magnitude of viscous and surface tension forces as dftU and da respectively and compar.
ing them. The ratios of pU2d2 and these quantities
give Reynolds and Weber numbers. If a magnitude of either force is very much larger than the other the dominant factor is the former. In fact, in case of low M liquids dftU is very much smaller than da and the shape of bubble is well described by the correlation e vs. We, while in case of high Mliquids d{*U is considerably larger than da, and the shape is well correlated in the form of e vs. Re. When the bubble diameter is large, although very large bubbles are not considered in this study, gravitational force must be also taken into account in addition to these three factors mentioned above.
Summary
The shape and rising velocity of single air bubbles were investigated experimentally in quiescent, highly viscous liquids such as caster oil, glycerine and corn syrup.
It was found that the bubble behavior in highly viscous liquids is very different from that in low viscosity liquids. The bubble rose rectilinearly and without oscil-lation. The terminal velocity was dependent mainly en the liquid viscosity and the surface tension showed only a minor effect. 
